Sulfated glycosaminoglycans (GAGs), including heparan sulfate and chondroitin sulfate, are synthesized on the so-called common GAG-protein linkage region (GlcUA␤1-3Gal␤1-3Gal␤1-4Xyl␤1-O-Ser) of core proteins, which is formed by the stepwise addition of monosaccharide residues by the respective specific glycosyltransferases. Glucuronyltransferase-I (GlcAT-I) is the key enzyme that completes the synthesis of this linkage region, which is a prerequisite for the conversion of core proteins to functional proteoglycans bearing GAGs. The Xyl and Gal residues in the linkage region can be modified by phosphorylation and sulfation, respectively, although the biological significance of these modifications remains to be clarified. Here we present evidence that these modifications can significantly influence the catalytic activity of GlcAT-I. Enzyme assays showed that the synthetic substrates, Gal-Gal-Xyl 
enzyme. The results indicate the possible involvement of these modifications in the processing and maturation of the growing linkage region oligosaccharide required for the assembly of GAG chains.
Proteoglycans (PGs), 2 which bear various sulfated glycosaminoglycan (GAG) side chains (1) , are distributed in the extracellular matrix of every tissue and at the surface of every cell type (2, 3) . These GAGs include chondroitin sulfate (CS), dermatan sulfate (DS), heparan sulfate (HS), and heparin (Hep). Accumulating evidence suggests that PGs function in development and pathophysiological processes. HS-PGs play critical roles in signaling pathways through specific molecular interactions with protein ligands (4, 5) , such as Wingless and Hedgehog as well as fibroblast growth factors in Drosophila (5, 6) and likely in the corresponding mammalian systems as well. CS/DS-PGs have been implicated in the signaling of heparin-binding growth factors (7) (8) (9) (10) (11) and in the neural network formation in developing mammalian brains (12) (13) (14) (15) (16) (17) .
The expression of these functions of PGs must be strictly regulated by biosynthesis especially of the GAG chains, which are classified into galactosaminoglycans (CS and DS) and glucosaminoglycans (HS and Hep) (1) . Both types of GAG chains are synthesized on the common GAG-protein linkage region of core proteins, GlcUA␤1-3Gal␤1-3Gal␤1-4Xyl␤1-O-Ser (18) , which is formed by the stepwise addition of monosaccharide residues by the respective specific glycosyltransferases, Xyl transferase, Gal transferases I and II, and GlcUA transferase (GlcAT-I) (19) . The repeating disaccharide region [(-4GlcUA␤1-4GlcNAc␣1-) n ] of HS/Hep is synthesized on the linkage region by the HS co-polymerase complex of EXT1 and EXT2 (20 -24) . In contrast, the repeating disaccharide region [(-4GlcUA␤1-3GalNAc␤1-) n ] of CS/DS is synthesized on the linkage region by the enzyme complexes of bifunctional chondroitin synthases 1 and 2, and chondroitin polymerizing factor (25) (26) (27) . However, the regulatory mechanism of the enzymatic transfer of the first GlcNAc and GalNAc, by which the selective assembly of CS/DS and HS/Hep on the common linkage region tetrasaccharide is controlled, remains a long-standing enigma.
It is conceivable that the biosynthesis of the linkage region tetrasaccharide is strictly regulated, because it is located at the critical determining point not only for the biosynthetic selective chain assembly of HS/Hep and CS/DS, but also for converting glycoproteins into PGs. A number of PG precursor proteins often lack GAG side chains, and hence are called part-time PGs (3, 19) . However, the biosynthetic mechanism, by which a given protein containing the GAG attachment consensus amino acid sequence becomes a PG, remains obscure. It is essential to clarify the substrate specificities and regulatory mechanisms of the glycosyltransferases involved in the synthesis of the linkage region tetrasaccharide sequence. In this respect, it should be noted that the linkage region can be modified by phosphorylation and sulfation (19) .
We have carried out a series of structural studies of the GAGprotein linkage region, based on the working hypothesis (29) that possible structural differences in the linkage region among the various GAG chains may exist and determine the type and/or character of the GAG species to be synthesized. These and other studies led to the identification of novel modified structures such as GlcUA␤/IdoUA␣1-3Gal(4-O-sulfate) ␤1-3Gal(Ϯ6-O-sulfate)␤1-4Xyl, GlcUA␤1-3Gal(Ϯ6-Osulfate)␤1-3Gal(Ϯ6-O-sulfate)␤1-4Xyl, and GlcUA␤1-3Gal␤1-3Gal␤1-4Xyl(2-O-phosphate) for CS/DS chains (29 -34) . Remarkably, sulfated Gal residues have been demonstrated in the linkage region of CS and DS, but not in HS or Hep, whereas Xyl-2-O-phosphate has been found in both HS/Hep and CS, indicating that the sulfate groups on the Gal residues may be involved in the selective chain assembly of CS/DS, and that the modifying groups may be key elements that control the glycosyltransferases involved in the synthesis of the linkage region thereby regulating the maturation of part-time PGs (19) .
We have cloned and characterized the substrate specificity of GlcAT-I (35, 36) . A crystal structure of the ternary complex of the enzyme with the donor substrate product UDP and the acceptor substrate analogue, Gal␤1-3Gal␤1-4Xyl, revealed the key amino acid residues required for the recognition of the donor and acceptor substrates (37) . Here we investigated whether the enzyme could recognize the modifying groups on the linkage region trisaccharide by conducting enzymatic analyses and x-ray crystallography to clarify the possible involvement of the 2-O-phosphate group on the Xyl residue and the 6-O-sulfate groups on the Gal residues.
EXPERIMENTAL PROCEDURES

Materials-UDP-[U-
14 C]GlcUA (285.2 mCi/mmol) and unlabeled UDP-GlcUA were purchased from PerkinElmer Life Sciences and Sigma (St. Louis, MO), respectively. Calf intestine alkaline phosphatase and bovine liver ␤-glucuronidase (EC 3.2.1.31) were purchased from Roche Molecular Biochemicals (Tokyo, Japan) and Sigma, respectively. The linkage trisaccharide serines, Gal␤1-3Gal␤1 Expression of the Soluble Form of GlcAT-I and Enzyme AssayThe construction of a soluble form of GlcAT-I fused with the cleavable insulin signal sequence and the protein A IgG-binding domain was carried out as described (35, 36) , except for the replacement of the expression vector pSVL with pEF-BOS (40) . Each expression plasmid (10 g) was transfected into COS-1 cells on 100-mm plates using Lipofectamine (Invitrogen) according to the instructions provided by the manufacturer. Two days after transfection, 2 ml of the culture medium was collected and incubated with 10 l of IgG-Sepharose (Amersham Biosciences) for 1 h at 4°C. The beads recovered by centrifugation were washed with and then re-suspended in each assay buffer, and tested for glucuronyltransferase activities using linkage region trisaccharide serines (1 nmol each) as acceptor substrates. The assay mixture contained 10 l of the re-suspended beads, 1 nmol of a linkage trisaccharide serine, 143 M UDP-[
14 C]GlcUA (1.66 ϫ 10 5 dpm), 50 mM MES buffer, pH 6.5, and 2 mM MnCl 2 in a total volume of 30 l. Reaction mixtures were incubated at 37°C for 10 min, and then radiolabeled products were separated from UDP-[ 14 C]GlcUA by gel filtration using a Superdex Peptide column (Amersham Biosciences) equilibrated with 0.25 M NH 4 HCO 3 , 7% 1-propanol. The recovered labeled products were quantified by liquid scintillation counting.
Characterization of the Reaction Products-Isolation of the products from the GlcAT reaction using various linkage trisaccharide serines was carried out by gel filtration on a Superdex Peptide column as described above. The radioactive peak containing the product was pooled and evaporated dry. The isolated product was digested with 100 mIU of ␤-glucuronidase in a total volume of 50 l of 0.1 M sodium acetate buffer, pH 4.5, for 4 h at 37°C or with 10 units of alkaline phosphatase in a total volume of 60 l of 0.07 M glycine/NaOH buffer, pH 9.9, containing 0.5 M MgCl 2 for 4 h at 37°C. The digest was analyzed using the same Superdex Peptide column as that noted above.
Crystallization of Enzyme and Data Collection-The catalytic domain of GlcAT-1 (Thr 76 -Val 335 ) was expressed with an amino-terminal His tag, MGSSHHHHHHSSGLVPRGSHM, and purified as previously described (37) . Crystals of the catalytic domain were obtained using the vapor diffusion hanging drop method. Protein at 15 mg/ml in 25 mM Hepes buffer, pH 7.5, 50 mM NaCl, 10 mM MnCl 2 , and 10 mM UDP-GlcUA was mixed with an equal volume of reservoir solution, consisting of 0.1 M MES buffer, pH 6.0, and 21% monomethylether polyethylene glycol 2000, for a total drop volume of 16 l. Crystals were harvested and transferred in four steps into a cryoprotection solution containing 23% monomethylether polyethylene glycol 2000, 10 mM UDP, 10 mM MnCl 2 , 0.1 M MES buffer, pH 6.2, and 10% ethylene glycol. Finally the crystals were transferred into the cryoprotection solution with 20 mM Gal␤1-3Gal(6-O-sulfate)␤1-4Xyl(2-O-phosphate)␤1-O-Ser added, and allowed to soak overnight. The crystals were flash-frozen in a stream of nitrogen gas at Ϫ170°C for data collection. Diffraction data were collected on a RAXIS4 image plate system using a RUH3R rotating anode x-ray source. Data were processed using DENZO and SCALPACK (41) ( Table 1) . CNS (42) was used for refinement of the model to the data and O (43) was used for model building and manual refinement.
The final model contains residues 75-140 and 152-335 of molecule A, and residues 75-140 and 155-335 of molecule B. Each molecule contains one UDP, one Mn 2ϩ , and one substrate analogue. Interpretable electron density existed only for the Gal␤1-3Gal(6-O-sulfate) portion of each acceptor substrate analogue.
RESULTS
Catalytic Activities of the Recombinant GlcAT-I toward the Linkage Region Trisaccharide Serines-To examine whether
GlcAT-I could recognize the phosphate and/or sulfate on the GAG-protein linkage region trisaccharide, a soluble form of GlcAT-I was generated by replacing the first 43 amino acids of GlcAT-I with a cleavable insulin signal sequence and a protein A IgG-binding domain as described (35, 36) , and then the soluble GlcAT-I was expressed in COS-1 cells as a recombinant enzyme fused with the protein A IgG-binding domain. The fused enzyme expressed in the medium was absorbed on IgGSepharose beads to eliminate endogenous glucuronyltransferase, and then the purified enzyme-bound beads were used as an enzyme source after the purity of the enzyme was confirmed by Western blotting as previously reported (36) . The bound fusion protein was assayed for GlcAT-I activity using various linkage region trisaccharide serines as acceptor substrates. As shown in Table 2 , the phosphorylated trisaccharide serine, GalGal-Xyl(2-O-phosphate)-Ser, and the sulfated trisaccharide serine, Gal-Gal(6-O-sulfate)-Xyl-Ser, served as better acceptors than the non-modified counterpart. The trisaccharide with both of these modifications also served as a better substrate than the non-modified counterpart. In strong contrast, unlike the 6-O-sulfate group on the Gal(I) residue, a 6-O-sulfate on the non-reducing terminal Gal(II) residue abolished the acceptor activity completely as demonstrated using the phosphorylated and sulfated trisaccharide serine,
To investigate the catalytic efficiency of GlcAT-I for the three compounds serving as acceptors, the kinetic parameters of GlcAT-I for these substrates were determined and are shown in Table 3 . When compared with the non-modified substrate, the phosphorylated compound, Gal-Gal-Xyl(2-O-phosphate)-Ser, gave a 1.8-fold smaller K m and a 2.3-fold larger V max , resulting in a 4.2-fold higher V max /K m value. The sulfated compound, Gal-Gal(6-O-sulfate)-Xyl-Ser, showed a similar K m and a 2.8-fold larger V max , yielding a 2.6-fold higher V max /K m value. The phosphorylated and sulfated compound, Gal(6-O-sulfate)-Xyl(2-O-phosphate)-Ser, gave a slightly smaller (76%) K m and a 3.3-fold larger V max , resulting in a 4.2-fold higher V max /K m value. Thus, the catalytic efficiency expressed by V max /K m for the three modified compounds was significantly (2.6-to 4.3- Fig. S1 ). fold) higher than that for the unmodified counterpart, suggesting that the 2-O-phosphorylation of Xyl and 6-O-sulfation of Gal(I) stimulate the completion of the linkage region tetrasaccharide and may be involved in the regulation of GAG biosynthesis. Identification of GlcAT-I Reaction Products-To confirm the ␤-configuration of the GlcUA residue incorporated into the phosphorylated acceptor substrates, we tested the sensitivity of the GlcAT-I reaction products, obtained with the optimal acceptor Gal␤1-3Gal␤1-4Xyl(2-O-phosphate)␤1-O-Ser, to the action of ␤-glucuronidase or alkaline phosphatase. As shown in Fig. 1, the [ 14 C]GlcUA-labeled products were completely digested with ␤-glucuronidase, quantitatively yielding a 14 C-labeled peak at the position of free [
14 C]GlcUA. In addition, the labeled products were completely digested by alkaline phosphatase, quantitatively yielding a 14 C-labeled peak at the position of the unmodified tetrasaccharide serine GlcUA␤1-3Gal␤1-3Gal␤1-4Xyl␤1-O-Ser. The phosphorylated tetrasaccharide serine was eluted behind the unmodified tetrasaccharide serine presumably because of the interaction of the phosphate with the gel. These results together confirmed that GlcUA was indeed transferred to the phosphorylated acceptor through a ␤-linkage.
X-ray Crystallographic Analysis of the Molecular Interaction of GlcAT-I and Various Acceptor
Substrates-To help interpret the different activities of the different acceptors, the crystal structure of the catalytic domain of GlcAT-I was determined in the presence of Gal␤1-3Gal(6-O-sulfate)␤1-4Xyl(2-O-phosphate)␤1-O-Ser plus UDP to compare it to that of the existing structure of GlcAT-I with Gal␤1-3Gal␤1-4Xyl plus UDP (37) .
GlcAT-I crystallizes as a dimer whereby the COOH-terminal tail of each monomer contributes to the active site of the other (Fig. 2, a and b) (37) . Recent biochemical data on GlcAT-I (44) supports that this homodimer is the physiological complex as do the crystal structure of GlcAT-P (45) and the molecular modeling of GlcAT-1 (44) .
The substrate Gal␤1-3Gal(6-O-sulfate)␤1-4Xyl(2-O-phosphate)␤1-O-Ser bound in the same orientation and position to GlcAT-I as did the Gal␤1-3Gal␤1-4Xyl molecule (Fig. 3) from the previous study (37) . Like in the previous study, interpretable density only exists for the Gal-Gal(6-O-sulfate) portion of the substrate. There did appear to be some weak density for the 4Xyl(2-O-phosphate), but it was not possible to determine the exact orientation and position. However, it was clear from the density that this portion of the acceptor extended away from the enzyme into the solvent and appeared to form no specific interactions with the protein molecule. Interestingly when the acceptor substrate is not phosphorylated or sulfated, only one substrate binds the dimer (37), but in this study active sites of both monomers were occupied when Gal␤1-3Gal(6-O-sulfate)␤1-4Xyl(2-O-phosphate)␤1-O-Ser was bound (Fig. 2b) . The nonsulfated Gal-Gal-Xyl(2-O-phosphate)-Ser was not tested in the co-crystal due to the limited amount of the material, which would be expected to give no interpretable density for the phosphorylated xylose based on the results from crystallography of the Gal-Gal(6-O-sulfate)-Xyl(2-O-phosphate)-Ser.
The acceptor substrate with the terminal Gal(II) is buried in the catalytic pocket with the acceptor O-3 hydroxyl group 5.1 Å from the ␤-phosphate group of the UDP molecule (Fig. 2b) . The hydrogen bonding interactions between GlcAT-I and Gal␤1-3Gal(6-O-sulfate)␤1-4Xyl(2-O-phosphate)␤1-O-Ser were conserved with respect to the terminal Gal(II). Asp 252 forms a hydrogen bond with the O-4 hydroxyl group, Glu 227 and Arg 247 interact with the O-6 hydroxyl group, and an oxygen atom from the carboxyl group of the proposed catalytic base, Glu 281 (37), is 2.7 Å from the acceptor O-3 hydroxyl group of the terminal Gal(II) (Fig. 2b) .
In the GlcAT-I/Gal␤1-3Gal␤1-4Xyl structure, the only possible hydrogen bond interaction between Gal(I) of the acceptor substrate and the enzyme was likely formed by Gln 318 from the second monomer of the dimer and the O-6 hydroxyl group of Gal(I) (37) . Intriguingly, placement of a sulfate on the O-6 oxygen atom, as was seen in the GlcAT-I/Gal␤1-3Gal(6-O-sulfate)␤1-4Xyl(2-O-phosphate)␤1-O-Ser structure, creates a conformational change in the side chain of Gln 318 from the second monomer (Fig. 3) . In this orientation, atom NE2 of Gln 318 is located 3.0 Å from O-4 of the sulfate moiety (Figs. 2, a  and b, 3) . This represented the only distinguishable change in the interactions between the two acceptor molecules and the GlcAT-I molecule.
Recent mutational data on GlcAT-I obtained using a GalGal(6-O-sulfate)-O-methoxyphenyl analogue suggest that Gln 318 does not play a significant role in the binding of substrates with Gal(I) sulfated at the C-6 carbon (46, 47) . Rather, Lys 317 is suggested to increase binding. In the crystal structure, however, the side chain for Lys 317 is disordered and does not form an ordered hydrogen bond with the substrate, although it is near in proximity. Three possibilities that could account for this discrepancy are: (a) effects due to a different analogue (methoxyphenyl instead of Xyl(2-O-phosphate)␤1-O-Ser) near the Lys 317 position, (b) buffer effects of the crystallization condition do not favor interactions between Lys 317 and the 6-Osulfate, or (c) Lys 317 may be involved in the formation of the proper conformation of the enzyme, thereby being indirectly involved in the expression of the catalytic activity.
In contrast, the compound Gal(6-O-sulfate)␤1-3Gal␤1-4Xyl(2-O-phosphate)␤1-O-Ser was not a substrate for GlcAT-I (Table 2) . It is clear from the structural data that placement of a sulfate group on the O-6 hydroxyl group of the terminal Gal(II) residue would create steric conflict with conserved residues Glu 227 and Arg
247
, which interact with the O-6 hydroxyl group on this Gal(II) residue (Fig. 2b) . It is likely that such conflict would either inhibit binding or re-orient the positioning of the molecule such that catalysis could not proceed. This could explain the lack of activity with this acceptor (Table 2) .
DISCUSSION
In this study, enzyme assays demonstrated that the synthetic compounds, Gal␤1-3Gal␤1-4Xyl(2-Ophosphate)␤1-O-Ser, Gal␤1-3Gal(6-O-sulfate)␤1-4Xyl␤1-O-Ser, and Gal␤1-3Gal(6-O-sulfate)␤1-4Xyl(2-O-phosphate)␤1-O-Ser, served as better substrates for the truncated form of the recombinant human GlcAT-I than the unmodified trisaccharide serine, suggesting that both the 6-O-sulfate group on Gal(I) and the 2-O-phosphate group on Xyl enhance the acceptor activity. However, the increase in the acceptor activity of these analogues cannot be clearly explained by the current structural data due to the lack of strong density between the phosphate and the enzyme. It should be noted that a sulfation of the Gal and a phosphorylation of the Xyl have not been simultaneously found on the same chain and are mutually exclusive (19) .
Interestingly, x-ray crystallography revealed that the 6-O-sulfate group on the Gal(I) residue of the phosphorylated and sulfated compound, buried in the substratebinding pocket of one monomer of a dimeric enzyme, was likely recognized by the specific residue Gln 318 of the other monomer. The sulfate at the O-6 hydroxyl group of the Gal(I) residue can be accommodated by the enzyme through a rearrangement of Gln 318 of the second monomer. Therefore, it is conceivable that the increase in activity with Gal␤1-3Gal(6-O-sulfate)␤1-4Xyl(2-O-phosphate)␤1-O-Ser and also with Gal␤1-3Gal(6-O-sulfate)␤1-4Xyl␤1-O-Ser over Gal␤1-3Gal␤1-4Xyl␤1-O-Ser was partly due to the hydrogen bond between Gln 318 and the sulfate on the acceptor. This speculation relies on the assumption that the dimer in the crystal is the physiological dimer such that Gln 318 of one monomer can interact with the substrate bound to the active site of the other monomer, which is consistent with the results from the kinetic studies presented here.
The present findings suggest that the 2-O-phosphorylation of the Xyl residue and the 6-O-sulfation of the Gal(I) residue can take place before the formation of the tetrasaccharide by the glucuronyl transfer reaction, and are consistent with previ- ous finding by Moses et al. (50) using pulse-chase experiments that the linkage region was transiently almost fully phosphorylated on Xyl of the Gal-Gal-Xyl trisaccharide formed on the core protein of decorin, which is followed by addition of the first GlcUA and then dephosphorylation. If the modifications indeed take place before the GlcUA transfer reaction, the modifying kinase should exist in the early Golgi or endoplasmic reticulum. Such a putative Xyl kinase remains to be identified. A partially purified bovine serum chondroitin 6-O-sulfotransferase and the recombinant human chondroitin 6-O-sulfotransferase have been shown to catalyze 6-O-sulfation of Gal(I). Syndecan-1 is a hybrid-type PG bearing both HS and CS chains (51) . Simultaneous chemical analysis of the linkage regions of both the HS and CS chains of syndecan-1 demonstrated two kinds of linkage region tetrasaccharide structures, GlcUA-Gal-Gal-Xyl and GlcUA-Gal-Gal-Xyl(2-O-phosphate) for the HS chains, whereas an additional sulfated tetrasaccharide structure, GlcUA-Gal(4-O-sulfate)-Gal-Xyl, was demonstrated for the CS chains (52), providing conclusive evidence for the previously proposed hypothesis (19, 29 ) that 4-O-sulfation of Gal is peculiar to CS chains in contrast to phosphorylation of Xyl, which is common to both HS and CS chains. However, there does not appear to be sufficient space for a sulfate of the C-4 position of the Gal(II) saccharide in the active site of GlcAT-I. In fact, recombinant GlcAT-I shows no significant activity toward a Gal(4-O-sulfate)-Gal-O-methoxyphenyl analogue (44). 4-O-Sulfation of this group may occur after the addition of GlcUA. If the sulfate group is involved in the assembly of CS/DS chains, it may be recognized by the chondroitin synthase complexes (25) (26) (27) , and may enhance the activity of the chondroitin synthase complexes. In addition, the sulfate group may inhibit the addition of GlcNAc onto the linker region by the EXT1/EXT2 complex (23), EXTL2 (53), or EXTL3 (54) that commit the linker to HS synthesis. It is not conclusive from studying the crystal structure of EXTL2 with UDP and GlcUAGal(II) bound if substitution at the 4-O position of Gal(II) could be accommodated without altering the position of the acceptor OH on the GlcUA saccharide (55) .
In view of the results from the present study and those reported by Moses et al. (50) , it is reasonable to assume that phosphorylation takes place before the transfer of GlcUA to the trisaccharide. However, dephosphorylation seems to occur immediately after the formation of the tetrasaccharide sequence, at least in the rat fibroblast system (50) . However, phosphorylated Xyl in the linkage region has also been identified in mature proteoglycans as well (19, 29) . Thus, dephosphorylation may not always be required for chain elongation. The phosphorylation of the Xyl residue and sulfation of the Gal residues may be required for biosynthetic maturation of the linkage region tetrasaccharide sequence, which may be a prerequisite for the initiation and efficient elongation of the repeating disaccharide region of GAG chains and/or biosynthetic selective assembly of CS and HS chains.
Thrombomodulin, which bears a mature CS chain, is known as ␤-thrombomodulin and functions as an anticoagulant on the endothelial cell surface. Some thrombomodulin proteins are part time PGs and some are devoid of a CS chain, and are known as ␣-thrombomodulin, which has a truncated un-modified tetrasaccharide linkage region, GlcUA-Gal-Gal-Xyl (56) . It is also known that human urinary thrombomodulin bears an unusually modified truncated tetrasaccharide linkage region, GlcUA(3-O-sulfate)␤1-3Gal␤1-3(Ϯ sialic acid␣2-6)Gal␤1-4Xyl (28) . These results altogether appear to indicate the importance of the appropriate ordered modification of the linkage region for proteins in the maturation of PGs. Unless it is modified or inappropriately modified, a part time PG core protein ends up as a glycoprotein with a truncated linkage region oligosaccharide. Hence, a better understanding of the control mechanism of the biosynthetic modification of the linkage region is required for clarifying the mechanisms underlying the assembly of GAG chains on the putative GAG attachment sites and selective assembly of CS/DS and HS/Hep on the common linkage region tetrasaccharide.
6-O-Sulfated Gal(II) has been demonstrated as Gal(6-O-sulfate)-Gal(6-O-sulfate)-Xyl in the linkage region of the polymer CS chains from shark cartilage (31) . However, in the present study the compound Gal(6-O-sulfate)␤1-3Gal␤1-4Xyl(2-Ophosphate)␤1-O-Ser did not serve as an acceptor (Table 2) . These results together suggest that 6-O-sulfation of Gal(II) takes place after elongation of the repeating disaccharides on the linkage region tetrasaccharide. It would be interesting to investigate the possibility that the 6-O-and 4-O-sulfate groups (29, 31, 32) on Gal(II) and/or the 6-O-sulfate group (31) on Gal(I) function as a marker for intracellular transport of CS chains to the Golgi compartment for biosynthetic processing or elongation and maturation, thus discriminating against HS chain formation. Alternatively, the possibility cannot be excluded that GlcAT-I of shark cartilage may bind acceptor sugars end-labeled by sulfate on Gal(II) and/or disulfated on both Gal(I) and Gal(II).
